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ABSTRACT 


An investigation of the characteristics of wave groups 
Occurring in five ocean swell trains was undertaken. To 
accomplish this, a definition of wave groups and their 
properties was developed. It was found that the average 
wave group period and the average maximum height in a group 
were essentially equal to the spectral period of maximum 
energy density and the significant height of a swell train, 
respectively. Additionally, the five swell trains investi- 
gated exhibited similar trends in the time variation of 
wave group characteristics such as the number of waves in a 
group, the duration of a group, and the percentage of time 
that the groups were present. Finally, wave group measures 
Such as the wave group period, average maximum height of a 
group, and the wave period variability were shown to vary 
Similarly with respect to wave group duration and the number 


of waves in a group. 
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I. BACKGROUND AND OBJECTIVES 


Ocean swell is frequently observed visually and in 
analog strip charts to occur in groups of quasi-periodic 
waves. Preliminary work by Thompson (1973) has shown that 
the average period of the waves in swell groups appearing 
in twenty-minute records is equivalent to the period of 
maximum energy density derived from spectrum analysis. Only 
a few other empirical studies of wave group occurrence or 
properties appear to have been made; e.g. Ewing (1973). 

There are also studies related to group phenomena by Putz 
(1952), and Longuet-Higgins (1952). This investigation is 
an effort to further illuminate this area. 

The first objective of this study is to establish a set 
of criteria that define a wave group. The second objective 
is to define measures of height, period, and other properties 
of wave groups. The third objective is to compare wave group 
properties with the spectral properties of swell. The fourth 
objective is to examine time changes in the wave group 
properties of a swell train observed to arrive at a fixed 
location, and to determine if different swell trains exhibit 
Similar group properties or characteristics. The final 
objective is to examine interrelationships between wave 
group measures. 

The term swell train as used here refers to a continuous 
series of waves that is produced by a single weather event 


Such as a cyclonic storm. Five such swell trains generated 


4n the North Pacific Ocean were analyzed from wave records 


made at Monterey, California. 


Il. SELECTION AND ANALYSIS OF WAVE RECORDS 


The records used in this study were obtained from the 
Naval Postgraduate School wave sensor located 700 feet off- 
Shore in a mean depth of 25 feet in southern Monterey Bay 
(Figure 1). The site is sufficiently sheltered that it 
receives principally low swell. The data were recorded on 
ewetrip anes in analog form. The recorder was programmed 
to give a fast trace (two inches per minute) of approximately 
20 minutes duration every six hours, and a slow trace (three 
inches per hour) the remainder of the time. 

The records of five swell trains, each generated by a 
distinct synoptic weather event, were examined. Identifica- 
tion of the cyclonic storm producing each swell train and 
the characteristics of the storms, including wind speed, 
storm speed, and storm track, have been determined by 
Austin (1972). These records were selected because they 
contained essentially pure swell trains in the sense that 
few other waves were present except low background wind 
noise. These North Pacific storms and swell trains, all 


occurring in 1971, are indicated as follows: 


Storm/Swell Train Storm Swell Arrival 
Number Occurrence at Monterey 
1 22-29 Nov 28 Nov - 1 Dec 
2 19-24 Nov 25-26 Nov 
3 31 Oct - 5 Nov 8-9 Nov 
4 25-26 Oct 31 Oct - 2 Nov 
5 11-14 Dec 16-18 Dec 


10 





The analysis for wave group measures was a manual 


procedure uSing the 20 minute fast traces only. The same 


20 minute records were spectrally analyzed by Austin 


(unpublished). The spectral data were used herein to provide 


a comparison with the wave group properties. 


AeAE 


mT.” DEP INDTION OF WAVE GROUPS 


Before wave group measures can be made, it is necessary - 
to define what is meant by a wave group. After some effort 
directed to defining, testing, and redefining, a definition 
emerged that is best described by the Sequence of steps 
detailed below. The definition provides for the variability 
ot Doth period and height that is ordinarily observed among 
the individual waves forming aswave group. Simply. stated, 

a wave group is defined in this study as a sequence of three 
or more successive crests having approximately the same 
period, the group terminating at either end whenever a 180° 
phase change occurs, or whenever waves less than one-third 
the significant height are encountered. 

The first step in isolating a wave group is to scan the 
wave record visually and identify every series of successive 
crests that displays some uniformity of. period. The use of 
MemepOint dividersmwaseioumd towbe of hebp in» this, procedure. 
Three or more successive crests (two waves) are considered 
aS a possible group. Two successive crests, encompassing 
one wave, are not considered to constitute a group. This 
first step is partially subjective, and to those unacquainted 
with wave records, might appear difficult. With a little 
practice, however, the analyst improves rapidly, and can 
isolate all wave groups in a 20-minute fast trace in less 


than 10 minutes. 


dh 








The second step is to mark the center of mass of each 


crest near the estimated mean water line (Figure 2). The 

sea level disturbance between adjacent centers of mass was 
considered to define a wave. Waves have also been defined 

by successive upcrossings or downcrossings of the wave record 
zero line, or by successive crest-to-crest, or trough-to- 
trough locations. These definitions were not used in this 
study. When the wave shape is irregular, which is frequently 
the case, both up and downcrossings and crest-to-crest or 
trough-to-trough measurements are generally more irregular. 
In addition, long waves are sometimes present which cause 

the mean water line to deviate from the zero line on the 

wave record. These kinds of difficulties may be Seen in 
Figures. 

The third and most important step in the identi tear 
process is the location of the wave group's beginning and 
end. To delineate these two points, the investigator first 
determines the crest-to-crest period near the middle of the 
Wave sequence. Then, working away from the middle, the 
investigator proceeds until he encounters a discontinuity 
in the wave period, representing a phase change on the order 
of 180°. These phase changes tentatively mark the boundaries 
of the wave group (Figure 2). This step is dependent upon 
the estimate of the initial crest-to-crest period, but is 
sufficiently accurate in view of the subjectivity involved. 
This procedure essentially limits the wave sequence to 


periods of approximately the same value. 


Le 


The final step is application of a wave height limita- ~ 
tion which may further reduce the number of waves in a group. 
It was arbitrarily decided to limit the waves in a group to 
those having heights equal to or greater than one-third the 
Significant height of the 20-minute record. The waves of 
smaller height which are excluded contain ten percent or 
less of the energy inherent in waves of significant height. 
This height limitation was used infrequently, as it was 
found that the phase change limitation was a stricter 
eriterion by which to limit the size of the wave group. 

Many wave groups are not as uniform as the group illus- 
trated in Figure 3a. Some irregular wave groups are due to 
the presence of more than one wave train. For example, 
Figure 3b depicts a wave group that is considerably more 
irregular in wave form than that in 3a. In this wave record 
a short period, low amplitude wave is superimposed upon the 
larger waves that are under consideration as a wave group. 
The basic wave form pattern exhibited by the longer waves 
still qualify it as a wave group. Wave groups from as many 
as 3 wave trains can Sometimes be isolated. In this study, 
attention was restricted to only those wave groups associated 
with the wave train of maximum energy. 

Long waves of period 30 seconds or greater are frequently 
encountered on wave records (Figure 3c). These waves were 
not measured in this study, but are considered when the 
centers of mass of the individual waves are being determined. 


It is of interest to note that wave group periods and other 
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measures to be described later are independent of the 


presence of long waves; whereas, wave measurements obtained 
from conventional wave analysis which is dependent upon use 
of the zero line of the record, such as the zero-upcrossing 
period and the significant height, are altered by the 


presence of long waves. 


ILS 


IV. WAVE GROUP MEASURES 


A number of wave group measures were developed, tested, 
and modified. These include measures of the period, height, 
and regularity of form of the individual waves forming a 
wave group. Those which appeared to give useful information 
are introduced and defined in Section A below. Measures of 
the interrelationships between wave groups in a swell train 
were also considered and are presented in Section B. 

The definition of awave group described in the previous 
Section automatically identifies the individual waves 
contained in the group and permits direct period measurement. 
Identification of the individual waves in turn, provides the 


basis for measurement of the individual wave heights. 


i ENDIVIDUAL GROUP CHARACTERISTICS 
1. Measures of Group Size 
a. Wave Group Duration, D 
Wave Group Duration is the time from the beginning 
to the end of a wave group. iti Figure 4, the duration of a 
typical wave group is illustrated. 
b. Number of Waves per Group, n 
This characteristic is measured by summing the 
number of waves contained in a wave group of duration D 


(Figure 4). 
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2. Wave Period Measures 
a. Individual Peried, 7 
The period of an individual wave is defined as 
the time interval between centers of mass to the nearest 
second (Figure 4). 
b. Wave Group Period, T > 
The average period of the wave group, termed the 
wave group period, is obtained by dividing the duration of 
the wave group by the number of waves in the group. The 
average wave group period of a 20-minute fast trace, The is 
Obtained by averaging the values of is in thestuezices 
ec. Period Vartabillite = 
The periods of the successive waves in a group 
are not constant, and it was felt that some measure of the 
period variability should be established. A measure such 
as the range of periods, AT, encountered in a wave group was 
not considered indicative of a wave group's variability. A 
three second period variation in a group of 20-second waves 
has different significance than the same variation in a 
group of ten-second waves. Accordingly, a ratio of the 
range in periods, AT, to the group period, Ts was adopted 
as a representative measure. 
3. Wave Height Measures 
a. Individual Height, H 
The wave height,H,is defined as the Vemrrcas 
distance from the highest crest elevation to the average 


elevation of the lowest point of the troughs on either side 


of the crest (Figure 4). 


Ab fi 


b. Height of the Largest Wave, Ea 
The height of the largest wave in each group is 
taken from the wave height measurements for the group 


(Figure 4). 


B. MEASURES OF RELATIONSHIPS BETWEEN WAVE GROUPS 

The following measures were designed to show interrela- 
tionships between wave groups and how their frequency of 
occurrence changes over the life of a swell train. 


1. Wave Group Periodicity, To 


Wave group periodicity is the time interval between 
the occurrence of ae in two successive wave groups. The 
mean of Tg over a twenty-minute trace is Ta» and the mean 


of Th ever an entire Swell train is ve 


Oo. Percentage of Time that Wave Groups are 
Present, ty 


This quantity is computed by summing the durations 
Of all the wave groups occurring in one fast trace, and 
dividing this sum by the total amount of time in the fast 
ieace. This Tigure is multiplied by 100 to give a 
percentage. 


3. Time Interval Between Wave Groups, Te 


This quantity is the time interval between the end 


of one wave group and the beginning of the next. 


4. Height of the Largest Wave in a Group per Fast 


Traice ; Hnax (max) 
This measurement is obtained by locating the highest 
Wave present in any wave group in a given 20-minute fast 


trace, 
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V. PRESENTATION AND INTERPRETATION 
OF WAVE GROUP CHARACTERISTICS 
In order to have a basis for comparing wave group 
characteristics with conventionally used properties of ocean 
waves, the spectral characteristics and Significant heights 
of the five swell trains will be introduced first. Following 
this, the wave group data derived from the five trains are 
presented. Swell Train 2 has been chosen to illustrate the 
distribution of each wave group measure throughout this 


section. 


A. SPECTRAL AND STATISTICAL CHARACTERISTICS 


1. Period of Maximum Energy Density, T (Figure 5) 


max 

The curves of Tap versus time for the five selected 
Swell trains, shown in Figure 5, were obtained from unpub- 
lished spectrum analyses (Austin, 1972). The periods are on 
the same time scale as the significant wave heights shown in 
Figure 6 so that the reader may follow the wave height- 
period history of each swell train from examination of the 
two graphs. That period, T aeee associated with the maximum 
Significant height of the swell train is centered on the 
36 hour mark and the remaining points are plotted at six- 
hour inverve ler 

The swell train labelled (1) is shown in two parts 
and is effectively two trains generated by the same storm; 
it is treated as one train in this study. The generating 


storm, after producing the earlier swell train, weakened 


aE 


and appeared ready to die out when the low shifted its 
Peattuion, intensified, and produced the later swell train. 
The period-time curve for Swell Train 4 is atypical because 
the uSual period decrease with time does not occur. Its 
flatness presumably indicates a more distant source, and 
twee 1S confirmed by. Austin (1972). 


e. Significant Helght, H. (Figure 6) 


The curves of Significant height forthe five swell 
trains are shown in Figure 6. The peak data point in each 
train is centered on the 36 hour mark. Wave recorder units 
are used, the conversion being ten units equal to one foot. 
The heights are not corrected for hydrodynamic damping. 

The wave periods involved, nearly all longer than 10 seconds, 
and the depth of water in which the recorder is located 
lms damping to less than 10%. 

Additionally, shoaling and refraction processes 
(and always bottom recording) tend to make the waves more 
Swell-like, i.e., their bandwidth is narrowed by these 
processes. 

Swell Trains 4 and 5 are very low, and contain 
energy not much greater than the wave background out of 
which the trains grow and disappear again. This may have 
affected some wave group measures as is discussed later. 
The background noise level varied between 5 and 10 wave 
recorder units (0.5 to 1.0 feet) during all five swell 


trains. 
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B. WAVE GROUP CHARACTERISTICS 


l. Time Series FPresenvacwen 
a. Wave Group Period, Te (Figures 7 and 8) 

The decrease of wave group period with time is 
shown for Swell Train 2 in Figure 7. The dots represent 
individual wave group periods, while the circled values 
represent the average group period, Tos derived from each 
fast trace. The number of period measurements in a 20- 
minute record, and the range of their valves ia = pc ewer— a 
in the figure. 

T was found to agree closely with the spectral 


g 


peak pemiooma which is also liustrated on Heeurcwe 


max? 
accordingly, plots of qT, for all five wave trains are not 
shown. (Figure 5, in effect, illustrates the distribution 


or ie that was found.) 
The relationship between T. and T is aahins= 
g max 
trated in Figure 8. The swell trains are not differentiated 
because of the closeness of the fit. It is evident from 


the figure that, in general, Bue is slightly greater than 


Xx 


Te A straight line chosen by eye to fit the data points 


shows that T_., is larger than ie by about me For 


ax 
practical purposes the two can be considered equal. 
b. Wave Period Variability, Te (Figures 9 and 10) 
Variability of the period measurements over the 
life of a swell train is illustrated fom Swellle?rasn 2a 
Figure 9. The dots show wave period variability for each 


wave group, and the circles represent the average for each 


fast trace. The scatter of the values is seen to be large. 


eu 


The average variability of wave group period 
for all five swell trains is shown in Figure 10. There 
appears to be no general trend in period variability from 
the beginning to the end of a wave train. The average 
values for a 20-minute record range from 0.10 to 0.26. The 
average wave period variability of the individual swell 
trains ranges from 0.14 to 0.19, and has a value of 0.16 
Mor all trains. The latter value indicates that a wave 
group With a 20-second group period, contains, on the 
average, individual wave periods in the range of 18.4 to 
pimeo seconds. 

The reason for the absence of a general trend 
is that although larger AT values occur at the initial 
arrival of swell, the denominator, Tis is also larger. As 
Shorter period swell arrive, AT decreases, thus giving a 
fairly constant numerical value throughout the duration of 
swell arrival. 


c. Maximum Wave Group Height, H 
ght, hax 


(Figures 11, le and 1 


im Figttee 1! a plov™or aay versus time for 


Swell Train 2 is illustrated. The circled values represent 


lal the average A 


ane for a given 20-minute record. A 


ax 


pae@weet the significant height, H for each fast trace is 


pie 


also shown. From the figure it is observed that throughout 


the course of the swell train, HL Closely Parallelism 


ax 


but is smaller. 


Ze 


OO 


The observation that Ee 1s smaller than He 
might appear contradictory. However, wave groups, which by 
definition can contain waves as small as one-third the 


Significant height, may have an at value not much lareers 


ax 
Further, an observer on the beach would probably consider 
as wave groups only those higher series of waves which 
arrive and are easily discernible to the naked eye; however, 
when isolating wave groups on a wave record, smaller, 
orderly waves can meet the requirements for wave groups as 
defined here as easily as larger waves. 

In Figure ll, data points are shown which 
illustrate that quite small amplitude sequences may meet 
the wave group criteria. Some of these wave groups contain 
Est values that are too small to be included in the compu- 
tat ionmon Ho. Further, the computation of He involves the 
averaging of the 1/3 highest waves in a given record, 
regardless of their position with respect to wave groups. 
All isolated waves included in the 1/3 highest waves in a 


given record are thus excluded from consideration in 


computation of H 


. This increases the magnitude of H 
max Ss 


with respect to ee 


Figure 12 illustrates the relationship between 
eee and H, for all five swell trains. The wave trains are 
not differentiated because of the closeness of the fit. The 
figure shows that a very close relationship exists between 
the two measures and that H, is slightly larger than Di ae 


by about 8%. For practical purposes the two can be 


ae 


considered equal. It may be concluded from this that the 
Significant height of a swell train from a distant source 
can be computed to a generally acceptable degree of accuracy 
by averaging the Beg: values for all wave groups in a given 
Wese. trace. 

Figure 13 illustrates the Single highest wave 
encountered in a wave group in a 20-minute fast trace, 
eee (max)? plotted against the significant height of the 
trace. A straight-line fit for all five swell trains was 


made. The figure shows that on the average ERA) is 


40% greater than the significant height, H.- 

Statistical analysis by Longuet-Higgins (1952) 
permits prediction of the most probable maximum wave height 
in a given number of waves. The average number of waves in 
a 20-minute trace was 82 in the present study. Application 
of the Longuet-Higgins relationship yields a probable 
maximum wave 48% higher than the significant height. In 
this investigation, the highest wave in a fast trace 
appearing in the wave groups was found to be 40% greater 
than the significant height. The difference between the 
two percentages may be attributed to the fact that in the 
identification of wave groups, isolated high waves are 
Emeduded from consideration. 

d. Number of Waves Per Group, n (Figures 14 and 15) 
The number of waves in a group ranged from the 


defined minimum of two to a maximum of eighteen. Although 


this number generally varied among the wave groups of any 
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given 20-minute trace, it was found that the largest groups 


occur about the time of peak swell arrival, i.e. the middle 
period range of the Swell train. This is illustrated for 
Train 2 in Figure 14. The dots represent the numeereer 
waves in each individual wave group while the circles repre- 
sent the average value for each fast trace. The average 
number of waves per group for all five trains is shown in 
Paretre wi. 

The general absence of large wave groups at the 
beginning and end of a swell train probably can be explained 
by the fact that during these periods the energy level of 
the swell train is either rising above or sinking into The 
energy level of the background wave noise. Thus, when the 
energy level of the swell approaches that of the background, 
only the larger waves in a group are evident, the smaller 
ones being lost in the wave noise. At the time of peak 
swell arrival, nearly all waves in a group are well above 
the background noise level. 

e. Duration of Wave Group, D (Figures 16 and 17) 

Figure 16 shows the duration distribution with 
time for Swell Train 2. The dots show durations so a 
vidual wave groups while the circles represent the average 
duration for each fast trace. t 18S ObSerVyeceia ee. 
longest duration occurs when the largest number of waves per 
group occur, or in general during the time of peak swell 
arrival. At the end of swell arrival, shorter periods 


coupled with few waves per group give durations of 0.3 to 
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1.3 minutes. Figure 17 illustrates the time change in 
average atten for all five swell trains. 

The duration of individual wave groups is 
directly related to the number of waves per group through 
T = D/n. Since the time rate of change of To is small, 
then the variation of D with time (Figure 17) reflects 
largely the variation of n with time (Figure 15). 

f. Wave Group Periodicity, Ta (Figures 18 and 19) 

The wave group periodicity, Tq: is shown for 
Swell Train 2 in Figure 18. The dots represent individual 
values of periodicity, while the circles represent average 
values for each fast trace. Individual values of periodicity 
ranged from 0.2 to 6.5 minutes per 20+minute fast trace. 

Te TOPeawide trains is illustwated in Figure 
19. As may be seen in the figure, Te is highly variable 
but does exhibit a slight decrease with time. 

The range of To per fast trace and the average 


TG for each swell train are shown in the following table. 


Range of Te Average Tg 
Swell Train Per Fast Trace Per Swell Train 
i 1.3 - 2.9 minutes 1.9 minutes 
2 1.6 - 3.3 2.4 
5 1.4-1.9 ey 
y i, Qm— allows es 
5 Die a Deal 1235 


An interesting observation that is worthy of 


mention concerns the saying "Every seventh wave is the 


26 





highest" that is common on the beaches of the Pacific Coast. 


The average group periodicity for the five swell trains 
combined is 1.83 minutes. The average group period that is 
encountered in the five swell trains is 14.5 seconds. The 
corresponding average number of waves is 7.6 between the 

H of successive wave groups. 


Max 


e. Time Interval Between Wave Groups, to 
(Figures 20 and 21) 


The average time interval between the end of 
one wave group and the beginning of the next for the five 


swell trains is shown below: 


Swell Train Average Time Interval 


52 seconds 
70 
54 
49 
Ba: 


7... Ne 


It is seen that Swell Train 2 had a considerably higher 
average time interval than the others. For this swell 
train, shown in Figure 20, the time intervals were greater 
at the beginning of swell arrival than for any others 
observed in this study. Reference to the wave record 
showed that the waves were highly irregular and made wave 
group identification difficult, thus creating large time 
intervals between groups. The other four swell trains, 
illustrated in Figure 21, showed generally the same values 


of time interval. In Swell Train 1, a very low time 
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interval was observed at the time of peak swell arrival. 
This is due to the extremely large number of groups present 
at this time. There appeared to be no trend common to all 
five swell trains with time. 


h. Percent of Time Groups are Present, ty 
(Figure 22) ° 


The percent of time that groups were present 
ranged from 35 to 95% for a 20-minute record, as may be 
seen in Figure 22. Although quite variable from one record 
TO the next, the percentage appears to be related to the wave 
height, being somewhat greater near times of peak swell 
arrival . 
2. interrelationships Between Wave Group Measures 

In addition to investigating the variation of wave 
group properties with time, group period and height measures 
as a function of duration and number of waves per group were 
examined. The variability of the data for all of the wave 
group relationships is large; accordingly, straight-line 
fits are used. These are visually made fits since the data 
spread does not allow for strict quantitative interpretation, 
but only general trends. 

a. Wave Group Period, Te (Figures 23-26) 

General conclusions drawn from the comparison 

of wave group period with duration and number of waves per 
group are illustrated in Figures 23-26. These conclusions 
eae as efollows: 


1. Wave group duration increases with increasing wave 
group period. 
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2. The number of waves per group increases with 
increasing period. 


3. An upper limit to the duration and number of waves in 
a wave group, the limit being a function of the wave 
group period, was found for all five swell trains. 

In Figure 23 a plot of the average group dura- 
tion, D, for all five swell trains is illustrated. The 
values shown were obtained as described below in the 
discussion of Figure 25. Straight-line fits to the average 
values of each swell train have been made. It is observed 
that all five swell trains exhibit roughly couaieomerces- 
such that for a one-second change in the average group 
period a duration change of about 40 seconds occurred. 

Swell Train 4 lies in a different position on the graph from 
the other trains because of its shorter periods. In Figure 
24, a plot of average group period, To and the average 
number of waves per group, n, is illustrated. As in Figure 
23, it is observed that although Swell Train 4 is of shorter 
period, the slopes of the straight line fits are essentially 
equal. It may be seen that an increase in the average wave 
group period of one second is accompanied by the addition of 
three waves to the wave groups, on the average. 

Figure 25 shows a plot of wave group period, Ts 
versus wave group duration, Dp 5 for Swell Tratiie eeeenomeaes 
represent the period-duration relationship for each wave 
group in the swell train. The squares represent the mean 
period, Th for all qT. within a duration interval of 0.3 
minutes. Although the spread of data points is wide, 


averaging inthis manner yields a trend as indicated by the 
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Straight-line fit to the mean values. Although wave groups 
a Sh@rt sdumation do Occur at the beginning and end of the 
swell train, as may be seen in Figurel6, Figure 25 shows 
that most short duration wave groups occur at the low 
period end of the train. Likewise, small wave groups of 
two and three waves occur at both the beginning and end of 
a train, with most occurring at the end (not illustrated 
for Swell Train 2). The average values and the straight- 
line fit shown in Figure 25 for Swell Train 2 are replotted 
in Figure 23 showing all five swell trains. 

In examining the wave group period-duration 
relationship for all five swell trains, it was observed 
that for a given wave group period, the wave group duration 
has an upper limit such that no durations longer than the 
limiting duration were found to occur for that period. 
mrs limit for Swell Train 2 is illustrated in Figure 25 
by the lower line. The duration limit for all five swell 
trains is shown in Figure 26. The slopes of the limits are 


seen to be approximately equal. 


AT 


b. Wave Group Period Variability, 7 
g 


(Figures 27-30) 

General conclusions drawn from the comparison of 
period variability with duration and number of waves per 
group are illustrated in Figures 27-30. These conclusions 
are as follows: 


1. Wave group period variability increases with 
increasing wave group duration. 


eo. Wave group period variability increases with an 
increasing number of waves per group. 
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In Figure 27 a plot of the average period 


variability versus the average duration for all five swell 
trains is presented. As would logically be expected, as 
the duration of a wave group increases, the period variabil- 
ity likewise increases. It may be noted that all trains 
possess approximately the same slopes. It may also be 
recalled that Train 4 has significantly shorter periods 
than the other trains. The fact that the period variability-— 
duration relationship for this train is only slightly larger 
than that for the other trains indicates that this relation- 
ship is largely independent of the swell period. Figure 28 
Shows a plot for Swell Train 2 of the period variability- 
duration relationship for each wave group. The squares 
represent average values of AT/T computed over duration 
intervals of 0.3 minutes. Scatter of the data points is 
seen to be large. 

In Figure 29, a plot of the average period 
variability versus the average number of waves per group 
for the five swell trains is presented. This plot points 
out the fact that the variability-number of waves relation- 
ship is nearly the same among the five wave trains and that 
groups possessing more waves are also more variable in 
period. In Figure 30, a plot of period variability versus 
the number of waves per group for Swell Train 2 is shown. 
The number of wave groups having zero variability drop off 
radically when larger wave groups are examined. Interestingly, 


although wave groups of up to eighteen waves were encountered 
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in this study, no group of more than six waves exhibited 
Zero Pervod variability. 


c. Maximum Wave Height per Group, H 


(Figures 31-34) ne as 


General conclusions drawn from the comparison 
Oils ae with wave group duration and the number of waves 


per group are: 


1. Wave group duration and the number of waves per 
group increase with increasing H 


max ~ 
eo. The rate of increase of duration and number of waves 
per group with respect to H increases as the 


energy of the Swell train decreases. 
In Figure 31 it is apparent that the wave groups 


exhibiting greater bee values in a given swell train are 


ax 
also the longer duration wave groups. In this graph, 
however, each straight-line fit exhibits a different slope, 
the value of which is related to the energy of the swell 
Gmegn (Pigure 6). Swell Train 1 which exhibits a marked 
energy change over its history, possesses a high slope. 
Conversely, low energy swell such as Trains 4 and 5 have a 
low slope. Figure 32 shows a plot of nay versus wave 

group duration for Swell Train 2. The points represent the 
i, - D relationship for each wave group. The squares 
represent average values computed at duration intervals of 
0.3 minutes. A straight-line fit is made to these average 
values. Although it is possible to delineate an upper limit 


of the duration for a given a in this graph, the other 


ax 
four swell trains did not adequately reflect this condition; 


eonsequently, this was not attempted. 


Be 








Figure 33 illustrates the relationship between 


the average number of waves in a group and Bl a. for all five 


swell trains. It is observed that in general the larger 
groups in a swell train are associated with greater Bites 
values. The slopes of the lineS;, 4s in@aicuree ieee 
related to the energy of the swell train. Figure 34 shows 
aepwoe of a versus number of waves per group for Swell 
Train 2. The points represent the H ase relationship 


for each wave group and the circles represent average values. 


Be 


VI. SUMMARY 


In order to measure the properties of wave groups 
appearing in ocean swell in a systematic way, it was first 
necessary to define what is meant by a wave group. The 
definition arrived at in this study is as follows: A wave 
group is a sequence of three or more SuccesSive crests 
having approximately the same period, the group terminating 
at either end whenever a 180° phase change occurs, or 
whenever waves less than one-third the significant height 
are encountered. 

Various measures of an individual group and of the rela- 
tionship between groups are defined in Section IV. All of 
these quantities were obtained from manual analysis of 
20-minute wave records in analog form using simple 
procedures. Wave records from five swell trains were 
analyzed in this study in order to obtain an insight into 
the variation of wave group properties with time. 

All five swell trains analyzed were generated 2000- 

3000 miles from the wave recorder site. Since the frequency 
bandwidth of swell decreases with increasing source distance, 
Swell trains from longer distances might be expected to 
contain longer duration wave groups for the same energy. 

This might be attributed to the fact that the beat period 


of the interfering periodic wave trains considered to compose 


the swell presumably increases as the bandwidth decreases. 
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In reviewing the findings of this study, no importance 
is placed on the order in which the various wave group 
properties are presented; rather, they appear below in the 
order in which they are discussed in the thesis. 

1. The average wave group period, Th was found to be 

equal, for all practical purposes, to the period of 


maximum energy density,T derived from spectrum 


max? 


analysis. 


2. The average maximum wave height per group, Hax? 


was found to closely approximate the significant 
height of the swell, being about 8% less on the 
average. 

3. The single highest wave in a group in a given fast 


trace, H was found to be approximately 40% 


max (max)? 
greater than the significant wave height. 


4. No trend with time was apparent in wave group period 
AT 
Ty 
ranged between 0.10 and 0.26. The average variabil- 


si g-h gn =) os Ol i on a Average values for a fast trace 
ity for all five swell trains was 0.16, which 
indicates that a 20-second group period contains, on 
the average, periods ranging from 18.4 to 21.6 
seconds. 

5. The number of waves in a group, n, is dependent on 
the energy difference between the Swell train and 
the background noise. In this study, the number of 
waves in an individual group ranged from two to 


eighteen. The largest number generally occurs 
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a0. 


about the time of peak swell arrival. At the 
becinwane and end Of a Crain, groups of two to four 
waves are predominant. 

The duration of wave groups, D, is dependent on the 
energy difference between the swell train and the 
background wave noise. The longest wave groups of 
abel wirve wimMuees Auratlon Occur, as “a result, 
about the time of peak swell arrival. 

Wave group periodicity, Tap decreases Slightly with 
time. The average periodicity for the five swell 
trains was 1.83 minutes with a range of 1.0 to 3.3 
minutes. 

An average of 7.6 waves between the Fe cs of succes- 
Sive wave groups was arrived at by dividing the 
average periodicity of the five swell trains (1.83 
minutes) by the average period (14.5 seconds). MThis 
average is consistent with the saying common to the 
Pacific Coast that every seventh wave is the 
highest. 

The average time interval between wave groups, tas 
showed no consistent trend with time. For the five 
Swell trains the average time interval between wave 
groups was 55 seconds with a range from 0.10 to 
1.85 minutes. 

Wave groups occur most often during the time of peak 
Swell arrival for a given swell train. Up to 95% 


of the waves in a given fast trace were found to be 
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included in wave groups during this time, with the 


average percentage for all five swell trains being 
67%. 

For a change in group period of one second, the 

wave group duration changed 40 seconds on the average 
for the five swell trains. 

For a change in group period of one second, the 
number of waves in a group increased by four on the 
average. 

An upper limit to the duration of a group can be 
expected for a given wave group period. 

The average wave group period variability increases 
O.1 with a one minute increase in duration, or with 
an increase in the number of waves per group of four 
or five, on the average. 

An increase in ae results in an increase in average 
duration andnumber of waves per group, the rates of 


increase being proportional to the energy in the 


swell train. 
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VII. APPLICATIONS TO AMPHIBIOUS WARFARE 


It is felt that the results obtained in this study have 
a direct practical application to certain naval operations. 
Conventional amphibious warfare is highly dependent on the 
nature of surf for its success. At present, wave fore- 
Casting for amphibious landings yields estimates of 
Standard statistical wave height parameters Such as the 
Significant height, but none of these incorporate a 
consideration of wave groups. A forecaster who could give 
an assault boat coxswain an estimate of the number of high 
waves that should be expected in a group and the time 
interval that might be expected between wave groups would 
aid an operation significantly. Unconventional warfare 
groups such as U.S. Navy SEALS and U.S. Army Special Forces 
are often tasked with missions which require night surf 
passage on rocky coastlands. It has been the author's 
experience that when transitting the surf in rubber rafts, 
@m estimate of wave group characteristics as well as wave 
height and period would have been very useful. In the 
Seepccially difficult operation of extracting through the 
surf, knowledge of the time interval between the wave groups 
merot particular importance. 

This study, using basically simple manual methods, gives 
an insight into a previously unresearched area of ocean wave 
properties. Ultimately, an objective method of identifying 


Wave groups and measuring their properties using computers 
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would be hoped for. With the knowledge that could be 


gained from analysis of a great number of swell trains, it 


is possible that far more definitive results might ensue. 


We 
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FYeuré 3: WAVE GROUP TYPES 
a. Regular Wave Form 
b. Irregular Wave Form 


c. Presence of Long Wave 


43 


L *‘poftdiedg 


SHYNSVAWN dNOUD AAVM ‘4 eanstTy 


cau BUTUUTS ag 


q uotyeing 


UOTICASTY Uesy_ YsSnod, 


UOTICASTA 48ac9 





4h 








G HDNOUHL LT SNIVHYL TTHMS HOA ALISNAGC ADYENA WOWIXVW HO GOINRd +4 Sanat y 
(Sadnoy) uty, 


ee ee oe ssssa essay fpasaitassii fsssiii a 





| 


ac a 


Ba 
£e.A8 
HHT i fe 
| ale 





a 


ae 
wa 
fee 
Le 
Sie ati 
a 











[fi 


altel 
baie 











HEE Ht 
UN pH 
SE = Ua PTH] 7 
a HE HEHE 
ane ae al HEE OT 
sraeyealzed| EEE spec Penaea Garey Meuzt 
— an HEE at PoE 9 2 








af 














af 


(99S) 


4S 





(S4TUN dapaoosy ovem) 





Time (Hours) 


SIGNIFICANT HEIGHT FOR SWELL TRAINS 1-5 


Figure 6 


1 Loot ) 


(10 wave recorder units 


46 





Cc NIVUL ‘TISMS HOS GOLYAd AAVM i: eanSty 


TL6T AON 92 TL6—T AON S2 


00 ST cl 90 00 gl cl 





a 
ie 


























































He Ba Bathiaee 
Eee eat Ee 





Z90 





Ln 
































ag 




















(999) POTtdog 





= 
es © 


ca a el Eco Ga é 
ie ee Te 


- aia - 


Se ee ce eee eee 
1 1 


ao 

















om a ee 
ttapt—rtt pS 

° umpc ome hk 
49) 
Nw 

*< 

E 
eH 

















a (sec) 


Figure 8: COMPARISON OF AVERAGE WAVE GROUP PERIOD 
AND PERIOD OF MAXIMUM ENERGY DENSITY 


FOR SWELL TRAINS 1 THROUGH 5 
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PERCENT OF TIME WAVE GROUPS ARE PRESENT FOR 
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Figure 22: 
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Figure 25: WAVE GROUP PERIOD VERSUS DURATION FOR 
SWELL TRAIN 2 
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AVERAGE ‘PERIOD VARIABILITY - AVERAGE NUMBER OF 


WAVES DISTRIBUTION FOR SWELL TRAINS 1 THROUGH 5 


Figure 29: 
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Figure 32: H ax VERSUS DURATION FOR SWELL TRAIN 2 
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Figure 33: AVERAGE MAXIMUM WAVE HEIGHT PER GROUP - 
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Figure 34: MAXIMUM WAVE HEIGHT PER GROUP VERSUS 
THE NUMBER OF WAVES PER GROUP FOR 
SWELL TRAIN 2 
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